Abstract. Variation in the phenotype or ''quality'' of dispersing individuals can shape colonization success and thus local dynamics and patterns of connectivity in a metapopulation. In marine reef systems, larval dispersal typically connects fragmented populations, and larval quality may be shaped by developmental history at the natal reef (e.g., parental effects) and/or by conditions in the pelagic environment (e.g., food, temperature, hydrodynamics, predator regime). We extract information recorded within the incremental bands of fish ''ear stones'' (otoliths) to reconstruct the early life histories of reef fish, to evaluate whether larval quality is a function of natal populations, dispersal histories, or both. We sampled sagittal otoliths from 282 common triplefins (Forsterygion lapillum) collected at approximately weekly intervals between December 2003 and March 2004, from three sites within Wellington Harbor (New Zealand) and three sites along the adjacent Wellington South Coast. We used image analysis to quantify otolith traits and to reconstruct five larval phenotypes (pelagic larval duration, size-athatch, early larval growth, late larval growth, and an instantaneous larval growth rate), followed by a principal components analysis to derive a composite measure of larval quality. We used laser ablation-inductively coupled plasma-mass spectrometry to quantify otolith microchemistry, followed by a set of cluster analyses (based upon 13 statistical descriptors of time series for each of 11 elemental ratios) to identify and characterize two putative natal ''source populations'' and two putative ''larval dispersal histories.'' We evaluated the relationship between larval quality, source populations, and dispersal histories using twoway ANOVA and MANOVA, and determined that larval quality of F. lapillum is a function of larval dispersal history and not source population identity. Specifically, larvae of F. lapillum with microchemical signatures consistent with retention and/or entrainment in the nutrientenriched Wellington Harbor had traits associated with elevated larval quality (i.e., short pelagic larval durations, small size-at-hatch, fast larval growth, and fast instantaneous growth rates). Our results suggest that conditions in the pelagic larval environment shape larval quality and potentially mediate metapopulation connectivity. In the case of F. lapillum from Wellington Harbor, environmentally induced heterogeneity in larval quality may limit connectivity by favoring successful replenishment by locally retained larvae over long-distance dispersers.
INTRODUCTION
Metapopulation frameworks have emerged as a standard ecological paradigm to conceptualize and study the dynamics and evolution of species residing within spatially distributed populations (Hanski and Gaggiotti 2004) and have proven exceptionally useful in explaining complex dynamics arising from networked local populations (e.g., Saunders et al. 1991) . One of the most fundamental and least understood processes affecting metapopulation dynamics is population connectivity, or the exchange of individuals between discrete local populations. Empirical estimates of connectivity can be difficult to obtain (Ims and Yoccuz 1997) and are typically modeled as dispersal probabilities (Moilanen and Nieminen 2002) . For many organisms, dispersal can be a physiologically demanding event (Baker and Rao 2004, Stamps et al. 2005) , and mortality following dispersal events may be high and potentially selective upon individuals with particular dispersal histories (e.g., long-distance dispersers; Matter 2006) . Similarly, selective mortality may benefit dispersers that have originated from particular source populations (e.g., with phenotypes well suited to the new environmental conditions; Stamps 2006) . In this way, among-individual variation in phenotypes (e.g., physiological condition) of colonizers may effectively mediate patterns of metapopulation connectivity established by initial dispersal events.
Manuscript received 6 January 2008; revised 6 August 2008; accepted 22 August 2008. Corresponding Editor: S. R. Thorrold. 3 E-mail: Jeffrey.Shima@vuw.ac.nz
Most marine reef organisms exist as highly fragmented populations interconnected by dispersal of eggs and/or larvae through a pelagic ocean matrix (Roughgarden et al. 1985 , Caley et al. 1996 , Kritzer and Sale 2004 . Eggs and larvae of many reef species exhibit extreme variation in phenotypes (e.g., size, morphology, development time, growth rate, lipid stores), which often have important consequences for subsequent fitness (e.g., growth and/or survival; Pechenik et al. 1998 , Phillips 2002 , Shima and Findlay 2002 , Wilson and Meekan 2002 , McCormick and Hoey 2004 , and thus may reflect larval quality. For some species, such phenotypic variation has been attributed to parental effects (e.g., Marshall et al. 2003 , Green and McCormick 2005 , Marshall et al. 2006 , McCormick 2006 , Gagliano and McCormick 2007 ) that may be a characteristic of the natal source populations that gave rise to these propagules. For many marine species, particularly those with feeding larvae, conditions in the pelagic larval environment (e.g., food availability, temperature, hydrodynamics, predator regime) may further influence larval phenotypes (e.g., Meekan et al. 2003 , Phillips 2004 .
If larval quality is a function of source populations, then an understanding of patterns and processes associated with natal environments may be useful in predicting patterns of connectivity in marine metapopulations. Alternatively, if larval quality is driven primarily by conditions in the pelagic larval environment, then understanding the role of spatial and temporal variation in the pelagic environmental features that affect larval quality may be necessary to accurately predict patterns of demographically meaningful connectivity. Despite the important implications of these hypotheses, the relative importance of natal effects versus larval dispersal history as sources of variation in larval quality is poorly known for marine species (although some laboratory experiments have addressed similar questions under artificial conditions; e.g., Bayne et al. 1975, Gallager and Mann 1986) .
Here, we develop and apply a set of analytical approaches to extract information archived within the incremental bands of fish ''ear stones'' (otoliths). Using matched pairs of otoliths, we (1) quantify phenotypic traits indicative of larval quality and (2) reconstruct putative source population identities and dispersal histories for individuals that recently settled to natural reef-based populations in a harbor and an adjacent open-coast setting. We integrate these complimentary sets of information to ultimately evaluate whether larval quality is a function of natal populations, dispersal histories, or both.
METHODS

Study system and sampling
Our work examines phenotypic variation and larval dispersal history of the common triplefin, Forsterygion lapillum (Family: Tripterygiidae). F. lapillum is one of the most abundant species in shallow rocky reef habitats of New Zealand (Clements 2003 , Feary and Clements 2006 , Wellenreuther et al. 2007 , where it feeds upon a range of small invertebrates (Feary 2001 , Clements 2003 , and is likely an important prey species for larger reef predators. Females of the species spawn benthic egg masses on cobbles, which are defended and cared for by males for ;2 weeks prior to hatching (Thompson 1979 , Francis 2001 ; J. S. Shima and S. E. Swearer, unpublished data) . Unlike most other New Zealand triplefins, F. lapillum appear to remain reproductively active for most of the year (Wellenreuther and Clements 2007) . Juveniles settle to the fronds of macrophytic brown algae (McDermott and Shima 2006) between December and March, after a mean pelagic larval duration of 52 d (SD ¼ 9 d; J. S. Shima and S. E. Swearer, unpublished data) . Larvae complete development in the pelagic water column, where they are patchily distributed (Kingsford and Choat 1989) and present for most of the year (Hickford and Schiel 2003) .
We sampled recently settled F. lapillum at approximately weekly intervals from December 2003 to March 2004, the seasonal peak in recruitment (J. S. Shima and S. E. Swearer, unpublished data), using standardized monitoring units for recruitment of reef fishes (SMURFs; sensu Ammann 2004). Our SMURFs followed the design of Ammann (2004) : each SMURF consisted of a cylinder of plastic mesh (garden fencing, 2.5 cm grid) that measured 1.0 m in length 3 0.35 m in diameter, filled with haphazardly folded plastic mesh (roadside safety fencing). SMURFs were deployed on or near rocky reef habitat, from permanent mooring lines, set 2 m above the substrate, and at a mean water depth of 6 m (SD ¼ 4 m). This placement of SMURFs was chosen to mimic the canopies of macroalgae that are more typically used by settling F. lapillum. SMURFs were deployed in triplicate to each of six sites, stratified within two regions (Wellington Harbor, Wellington South Coast, New Zealand Maxwell 1956) , and point-source inputs of heavy metal contaminants and nutrients have been identified within the harbor (e.g., Stoffers et al. 1986 , Pilotto et al. 1998 . Consequently, the harbor is more typically a nutrient-enriched environment, likely with unique water chemistry. By contrast, the Wellington South Coast borders Cook Strait and is continuously flushed by oceanic water from the Tasman Sea. Sites along the South Coast are characterized by limited terrestrial inputs and relatively low primary productivity (Bowman et al. 1983 , Harris 1990 , Gardner 2000 ; J. S. Shima and S. E. Swearer, unpublished data) . We sampled sites within these two adjacent regions over four months to capture the range of variation in larval F. lapillum phenotypes, source populations, and/or pelagic larval dispersal histories. Specifically we hypothesized that F. lapillum larvae coming from populations within Wellington Harbor and/or entrained early in their pelagic development within harbor waters would be of higher quality and possess unique chemical signatures relative to fish that were spawned and/or retained predominately within the nutrient-and chemically depleted waters of the open coast.
Quantifying larval quality
To quantify larval phenotypes, we extracted and analyzed sagittal otoliths of recently settled F. lapillum sampled from SMURFs. Otoliths are calcium carbonate structures within the vestibular apparatus of teleost fishes, analogous to the inner ear bones of other vertebrates, and used by fishes for hearing and balance (Popper and Coombs 1980, Riley and Moorman 2000) . Sagittal otoliths are roughly ellipsoidal in shape and typically form in a pattern of daily growth increments (Pannella 1971, Campana and ) that, when viewed in cross section under a microscope, can be used to estimate the age, previous growth rates, and major physiological events (e.g., hatch date, settlement date) in the early life history of fishes (Secor et al. 1995 , Campana and Thorrold 2001 , Takahashi et al. 2001 , Pasten et al. 2003 . Otolith growth rates appear to be well correlated with somatic growth rates across many species (Francis 1990 , Campana and Jones 1992 , Hare and Cowen 1997 , Shima 1999 , Shima and Findlay 2002 .
Otoliths were extracted from 616 recently settled F. lapillum, though a random subsample of these was selected and analyzed for this study (;10 individuals per site for each collection date, else all individuals if sample size was ,10). Following extraction, one sagittal otolith from each fish was set aside for microchemistry analysis (described in Methods: Reconstructing larval dispersal history and source population identity), and the remaining otolith was embedded in cyanoacrylate and polished along the sagittal plane with 3 lm diamond lapping film (3M, St. Paul, Minnesota, USA) to expose daily growth increments across the postrostral axis (daily increments were validated with calcein staining in a separate study; J. S. Shima and S. E. Swearer, unpublished data; see also Kohn 2007) . Polished samples were clarified in immersion oil for ;24 h prior to image acquisition. A set of digital images was collected for each sample, using an image analysis system comprised of a Leica compound microscope (Leica Microsystems, Wetzlar, Germany) fitted with a Nikon CoolPix (Nikon, Chiyoda-ku, Tokyo, Japan) digital camera and connected to a PC operating ImagePro Plus v5.0 (MediaCybernetics, Bethesda, Maryland, USA). Images for increment analysis were typically acquired with 4003 magnification (though occasionally, larger otoliths were sampled using 2003). Growth increments along the postrostral axis were tagged using the Caliper Tool package of ImagePro Plus; individual increment widths and an estimate of radius (measured from the otolith's core to the trailing edge of a given increment) were recorded to the nearest 0.1 lm for each tagged increment. Samples were read only once, by a single observer (J. S. Shima), who was blind with respect to metadata associated with each sample (e.g., collection site, date, size of fish, and other variables). The visible presence of a ''hatch check'' and ''settlement check'' facilitated identification and differentiation of three distinct life-history stages within each otolith: a ''pre-hatch stage'' (i.e., daily otolith increments formed while the individual was still encapsulated in its egg), a ''pelagic larval stage'' (i.e., daily otolith increments formed during pelagic larval development), and a ''post-settlement stage'' (i.e., daily otolith increments formed after settlement to SMURF, but prior to collection). Hatch checks were identified and generally characterized by an abrupt (;50%) increase in increment widths. Settlement checks were identified and generally characterized by an abrupt (;50%) decrease in increment widths, which were also typically coincident with a change in the optical density of the otolith (see also Kohn [2007] for further validation of settlement marks in F. lapillum).
Daily increments from the pelagic larval stage of sampled otoliths facilitated estimates of five phenotypic variables that we used to characterize larval quality of recently settled F. lapillum: (1) ''Pelagic larval duration (PLD)'' is an estimate of larval development time in days, and was estimated by the number of daily otolith increments counted in the larval stage of each sample (i.e., the interval between hatch check and settlement check). (2) ''Early larval growth'' was estimated as the mean increment width across the first 5 days of larval growth following hatching. (3) ''Late larval growth'' was estimated as the mean increment width across the final 5 days of larval growth prior to settlement. (4) ''Size-athatch'' was estimated as the postrostral radius from core to hatch check. (5) ''Instantaneous larval growth rate'' was estimated using a maximum likelihood approach (NLIN procedure, SAS v. 9.1; SAS, Cary, North Carolina, USA) that fit an exponential model to the larval otolith growth trajectory of each fish (after Shima and Findlay 2002) :
where L t is the otolith increment width (lm) at time t (d) in the larval stage, a is the maximum-likelihood estimate of width at t ¼ 0, and b is the maximum-likelihood estimate of instantaneous growth rate (i.e., a measure of May 2009 the ''per lm'' rate of increase over a short time interval; units ¼ lmÁlm À1 Ád À1 ). We applied an exponential growth model to our data because we observed otolith growth patterns to be exponential in form.
Because these five measures of larval phenotype provide complimentary information but may be interrelated, we used a principal component analysis (PRINCOMP procedure, SAS v. 9.1) to generate a composite measure of larval quality, estimated as the first principal component score for each fish.
Reconstructing larval dispersal history and source population identity
We used chemical signatures recorded within the remaining sagittal otolith of each fish to characterize and discriminate among putative ''source populations'' and ''pelagic larval dispersal histories'' of recently settled F. lapillum. In addition to recording useful demographic information for fishes (e.g., described previously), otoliths also incorporate trace elements found in seawater, particularly divalent cations occurring naturally in seawater and/or enhanced via anthropogenic inputs (Campana 1999 , Swearer et al. 1999 . Resultant microchemical signatures recorded within the embryonic otolith (i.e., for F. lapillum, the region of the otolith formed at the natal site, prior to hatching) comprise an ''environmental fingerprint'' of a putative source population (sensu Barbee and Swearer 2007) . Similarly, microchemical signatures recorded across the pelagic larval growth axis characterize larval environmental history experienced by recently settled F. lapillum.
To reconstruct larval dispersal history and source population identity, sagittal otoliths were first cleaned of adhered tissue and surface contaminants using a 15% H 2 O 2 solution (buffered with 4 g NaOH/L solution) for 24 hr followed by five 5-min rinses in ultra pure (18 Mohm) H 2 O, air-dried in a class 100 laminar-flow cabinet, and then embedded in a chemically inert resin (Buehler Epothin; Buehler, Lake Bluff, Illinois, USA). Samples were then mounted on a South Bay Technologies multilap polishing fixture and ground in the sagittal plane to within 10 lm of the otolith core using 9 lm diamond lapping film (3Mt) mounted on an 8 inch (20 cm) lapping wheel (Model 920; South Bay Technologies, San Clemente, California, USA). Polished otoliths were cleaned a second time prior to analysis following methods of Patterson and Swearer (2007) .
Quantification of the concentrations (relative to Ca, the internal standard) of the following elements (detection limits, lmol element/mol Ca, in parentheses): Eggins et al. [1998] for a description of the LA system). Otoliths were run in blocks of eight samples selected randomly from all sites and collection dates (see Barbee and Swearer 2007 for details of LA-ICP-MS methods). Two different analyses were performed on each otolith using LA-ICP-MS. The first analysis (used to characterize putative source populations) was performed using a stationary laser with a 19-lm spot to drill down through the otolith core. This acquisition produced a ''time-series'' of concentrations for each of the 11 elemental ratios, measured through the core of each otolith. The second analysis (used to characterize larval dispersal histories) was performed using a moving laser (scan rate, 2.5 scans/s; stage movement rate, 3 lm/s) with a 5 3 80 lm rectangular spot, resulting in a high resolution ''transect'' (80 lm wide) across the postrostral growth axis of the otolith (i.e., running from the otolith core to the postrostrum edge). This constant rate of acquisition produced a ''time-series'' of concentrations for each of the 11 elemental ratios, measured across the postrostral growth axis of each otolith (i.e., from core to otolith edge). The time series relating to otolith cores were truncated because ablated drill sequences included some post-hatch (i.e., non-natal) material. Mn and Ba concentrations are known to be enriched in otolith cores (Ruttenberg et al. 2005, Barbee and , and were therefore used as a diagnostic to truncate (i.e., constrain) time series to otolith core regions indicative of a natal signature. Because drill sequences through the core of the otolith produced roughly symmetrical patterns in elemental time series around the otolith primordium (inferred from local maximum in Mn concentration), we included only the second half of each elemental time series in our analyses (i.e., from primordium to edge of core). The second half was chosen in order to eliminate any artifacts in the time series resulting from surface contamination. Elemental time series relating to pelagic larval dispersal history were similarly truncated to include only the pelagic larval period of each sample (i.e., excluding material sampled from the ''pre-hatch'' and ''post-settlement'' regions of each otolith). This truncation was facilitated by known positions of hatch and settlement checks (estimated from increment analysis of the paired sagittal otolith, described previously). We used this same approach to estimate and represent chemical signatures on a daily time scale by averaging across successive LA-ICP-MS scans that occurred within the same daily otolith growth increment.
A series of multivariate statistical approaches was used to first characterize and subsequently cluster fish with similar chemical signatures into a discrete number of groups with respect to (1) otolith core microchemistry (i.e., putative source populations) and (2) larval otolith transect microchemistry (i.e., pelagic larval dispersal histories). For each case, our data sets consisted of time series of 11 elemental ratios. Time series varied in length depending upon the size of the otolith core and/or the pelagic larval duration of the fish; this, combined with the large number of data points for each time series, precluded a conventional cluster analysis of the raw data without some form of data reduction. To capture patterns of variation and covariation among the elemental ratio time series (i.e., to facilitate a subsequent cluster analysis with a high discriminatory power), we decomposed each time series to a set of 13 statistical properties, or ''extracted features'' (sensu Wang et al. 2006) . To estimate this comprehensive set of univariate descriptors, which consisted of a serial correlation function, a nonlinear function, a skewness function, a kurtosis function, a hurst function, a lyapunov function, a frequency function, a trend function, a seasonal function, a trend and seasonally adjusted (TSA) serial correlation function, a TSA nonlinear function, a TSA skewness function, and a TSA kurtosis function, we used R (R core development team; available online).
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Trend and seasonality are common components of time series that respectively describe a long-term change in mean levels through time (trend) and repeating sequences over fixed intervals of time (seasonality). Frequency is the estimated number of observations over which repeating cycles (i.e., seasonality) occurs. Several of the extracted features (e.g., serial correlation, nonlinear, skewness, and kurtosis) can be estimated following statistical removal of trend and seasonality components (e.g., TSA serial correlation and other components), which has the advantage of further highlighting otherwise cryptic properties of time series (e.g., noise and chaos; Wang et al. 2006) . Serial correlation reflects the degree to which successive observations within the time series are correlated (e.g., autocorrelated) through a time series. The nonlinear function characterizes the magnitude of deviation from underlying linear models. Skewness is a measure of the lack of symmetry with respect to the midpoint of a time series. Kurtosis describes the tendency of the data to be peaked (positive values) or flattened (negative values) with respect to a normal distribution. Hurst provides a measure of self-similarity in the time series; lyapunov is a measure of chaos dynamics. See Wang et al. (2006) and references therein for more detailed descriptions and interpretations of each extracted feature.
This set of extracted features was estimated for each of the 11 time series of elemental ratios. The resultant 143 descriptors were then standardized (mean ¼ 0, SD ¼ 1) and used in a hierarchical cluster analysis (CLUSTER procedure, SAS v. 9.1) to determine the number of clusters by evaluating consensus among the cubic clustering criterion, pseudo F statistic, and pseudo t 2 (SAS Institute 1999). These are among the best diagnostics currently available to objectively determine the number of clusters in a data set (Milligan and Cooper 1985, Legendre and Legendre 2006) . Cluster identities were subsequently determined using a Kmeans clustering algorithm (FASTCLUS procedure, SAS v. 9.1). This general approach was implemented separately to partition all fish into discrete clusters of (1) putative source populations (based upon otolith core features) and (2) putative larval dispersal histories (based upon larval otolith transect features).
Sources of variation in larval quality
We used two-way ANOVA (GLM procedure, SAS v. 9.1) to evaluate whether larval quality of recently settled F. lapillum varied as a function of putative source population and/or pelagic larval dispersal history. The first principal component score resulting from a PCA on five measured larval phenotypes (described above) comprised the dependent variable in this analysis. Cluster identities for (1) putative source populations and (2) putative pelagic larval dispersal histories comprised the orthogonal explanatory variables in this analysis. In addition, we analyzed overall patterns of variation in the five estimated phenotypic traits (PLD, early larval growth, late larval growth, size-at-hatch, and instantaneous larval growth rate) among ''source population'' and ''dispersal history'' clusters using twoway MANOVA.
RESULTS
Larval phenotypes to estimate larval quality
We estimated larval phenotypes and corresponding microchemistry from the paired sagittal otoliths of 282 fish. Larval phenotypes varied widely among individuals. We estimated the mean pelagic larval duration (PLD) of recently settled Forsterygion lapillum to be 51.5 d (SD ¼ 9.3), with a range of 33-101 d. Early larval growth (mean daily otolith growth increment width) ranged from 1.0 to 3.7 lm/d (mean ¼ 2.1, SD ¼ 0.5), while late larval growth ranged from 2.5 to 12.6 lm/d (mean ¼ 5.8, SD ¼ 1.5). Measured size-at-hatch of the sampled otoliths ranged from 23.8 to 46.2 lm (mean ¼ 32.7, SD ¼ 3.5). Modeled instantaneous growth rates of larval otoliths ranged from 0.017 to 0.053
We used principal components analysis to construct a composite variable of these five larval phenotypic measures. The first principal component (PRIN 1) accounted for 52% of the overall variation in the data set of larval phenotypes. PLD loaded negatively on PRIN 1 (À0.54), as did size-at-hatch (À0.28). Positive loadings on PRIN 1 were observed for early larval growth (0.27), late larval growth (0.47), and instantaneous larval growth rate (0.58). Fish with high PRIN 1 scores derived from this PCA therefore hatched with a smaller otolith sizes (i.e., indicative of more rapid development within eggs), had shorter PLDs (i.e., rapid larval development), and had otoliths that grew more quickly relative to fish with low PRIN 1 scores. We therefore deemed PRIN 1 to be an effective composite measure of larval quality.
Characterizing putative source populations and pelagic larval dispersal histories
We used a set of 143 ''extracted features'' of elemental ratio time series to cluster 282 recently settled F. lapillum into groups with similar microchemistry signatures for (1) otolith cores (a natal or ''source population'' signature) and (2) pelagic larval otolith growth axes (a ''larval dispersal history'' signature). Objective metrics derived from hierarchical clustering procedures (i.e., cubic clustering criterion, pseudo F statistic, and pseudo t 2 ) suggested the presence of two significant source population clusters and two significant larval dispersal history clusters. These conclusions were based upon a consensus among the cubic clustering criterion, pseudo F statistic, and pseudo t 2 . K-means clustering was then used to assign cluster membership.
Because the 143 extracted features of time series used to cluster fish into source-and larval-dispersal history clusters do not readily yield intuitive characterizations of the otolith microchemistry of each cluster, we calculated a mean time series for each element, for both source-and larval-dispersal history clusters. For presentation purposes, and to control for known ontogenetic variation of elemental concentrations in these time series (J. S. Shima and S. E. Swearer, unpublished data), we present mean concentrations (61 SE) that were calculated after first standardizing all time series to a common length scale. We standardized time series to a common scale using a ranking procedure (RANK procedure, SAS v. 9.1), which assigned observations from longer time series homogeneously across a number of ''bins'' determined by the length of the shortest time series. We emphasize, however, that actual clustering assignments were based upon 143 extracted features of time series that were estimated from true time series lengths (i.e., PLDs of variable duration, otolith cores of varying size). We present characteristic patterns of variation in 11 elemental ratios that approximate each source population cluster (Fig. 1) and each larval dispersal history cluster (Fig. 2) ; we give univariate statistics and canonical loadings for all 143 extracted features in the Appendix (Table A1 ).
All 11 elemental ratios had components (i.e., extracted features) of their time series that varied significantly between otoliths assigned to the two putative source population clusters (based upon univariate t tests; Fig. 1 ; Appendix). Relative to cluster 1, otoliths assigned to cluster 2 became increasingly enriched in Li through time (evidenced by significant differences in both hurst and trend). Otoliths in cluster 2 were also enriched in B, Mg, P, Mn, and Zn early in their time series, though concentrations of these elements converged with values typical of cluster 1 closer to the outer edge of otolith cores (i.e., closer to hatch dates). This general pattern was principally captured by differences in the nonlinear, hurst, trend, and seasonal descriptors (Fig. 1, Table A1 ). Mean time series of S and Cu for the two clusters appeared superficially similar in overall patterns, however, finer scale heterogeneity useful in discriminating between the two clusters was captured by five of the 13 extracted features for both elements ( Fig. 1; Appendix) . Temporal patterns of variation in Sr and Ba differed markedly between otoliths from the two clusters. Relative to cluster 1, otoliths assigned to cluster 2 were strongly depleted in Sr early in their time series (showing evidence of U-shaped patterns), though concentrations of Sr increased rapidly through time in cluster 2 otoliths, and ultimately exceeded those measured near the outer edges of otolith cores assigned to cluster 1. This pattern of variation in Sr profiles between clusters was principally captured by differences in the nonlinear, hurst, trend, and skewness descriptors ( Fig. 1 ; Appendix). Ba concentrations from otolith cores assigned to cluster 2 peaked in the middle of the time series (i.e., exhibiting a hump-shaped pattern) and were substantially elevated relative to cluster 1, though concentrations of Ba in both clusters fell to similar low levels toward the outer edges of otolith cores (as reflected by differences in the nonlinear, kurtosis, hurst, trend, and skewness descriptors; Fig. 1; Appendix) . Finally, relative to otoliths in cluster 2, otoliths from cluster 1 had Pb concentrations that were elevated early in time series and generally more variable overall. Extracted features that differentiated Pb time series between the two clusters included kurtosis, hurst, trend, seasonality, and TSAserial correlation ( Fig. 1; Appendix) .
All elements were also useful in discriminating between otoliths assigned to the two putative larval dispersal history clusters ( Fig. 2 ; Appendix). Relative to cluster 2, otoliths assigned to cluster 1 were generally enriched in Li and Pb, but depleted in B, S, Cu, Zn across much of their pelagic larval period of development. Concentrations of Mg and P in otoliths assigned to cluster 2 exhibited an enrichment peak during the latter half of the larval period, while Sr and Ba concentrations became depleted relative to cluster 1 at a similar time in the second half of the pelagic larval stage. Mn concentrations for both clusters peaked toward the end of the pelagic larval stage (left shifting of the cluster 2 peak is an artifact of standardizing length scales). In general the time series differences between the two clusters were driven primarily by higher serial correlation, hurst, lyapunov, and trend values in cluster 2, and higher frequency and seasonality values in cluster 1 (Fig. 2; Appendix) .
Is larval quality explained by source and/or pelagic larval dispersal history?
Larval quality (as estimated by PRIN 1) varied as a function of pelagic larval dispersal history (two-way ANOVA, F 1, 278 ¼ 10.38, P ¼ 0.0014) but not source population identity (F 1, 278 ¼ 0.13, P ¼ 0. 72) or an interaction between source and dispersal history (F 1, 278 ¼ 0.30, P ¼ 0. 58). Fish assigned to dispersal history cluster 2 had higher PRIN 1 scores than those assigned to dispersal history cluster 1 regardless of source population cluster assignment (mean [SD] associated with two separate putative ''source populations'' for recently settled common triplefins (Forsterygion lapillum). Given are mean concentrations (bold lines) of 11 elemental ratios through time (the x-axis represents a percentage distance from start to end of the age of the sample), with 6SE (fine lines), measured through otolith cores using laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS). Two discrete source populations were discriminated with a cluster analysis of the ''extracted features'' (sensu Wang et al. 2006 ) of these time series (bold black lines represent 80 fish with similar natal source signatures that were assigned to cluster 1; bold gray lines represent 202 fish with similar natal source signatures that were assigned to cluster 2). A listing of extracted features that differed (P , 0.05) between the two clusters is given after each element symbol: sc, serial correlation function; n, nonlinear function; sk, skewness function; k, kurtosis function; h, hurst function; l, lyapunov function; f, frequency function; t, trend function; s, seasonal function. Terms sc*, n*, sk*, and k* have been trend and seasonally adjusted (TSA). Supporting statistics are given in the Appendix: Table A1 . Mean time series were calculated after standardizing all samples to a common length scale and are given here to illustrate the characteristic microchemistry of each cluster.
Because some of the elements (e.g., P, S, Cu) used to inform our classifications of samples to source and dispersal history clusters were potentially subject to isobaric interferences in ICP-MS analyses, and because Zn is known to vary between right and left otoliths for some species (Campana et al. 2000) , we repeated all classifications and subsequent analyses excluding the extracted features that related to these elements. Removal of these descriptors did not substantially modify classifications of our samples; results for twoway ANOVA and two-way MANOVA were qualitatively identical to those reported previously.
DISCUSSION
Theoretical explorations of metapopulation dynamics often model connectivity as dispersal events or proba-FIG. 2. Microchemical signatures associated with two separate putative ''dispersal histories'' for recently settled F. lapillum. Given are mean concentrations (bold lines) of 11 elemental ratios through time, with 6SE (fine lines), measured across the pelagic larval otolith growth axis using laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS). Two discrete dispersal histories were discriminated with a cluster analysis of the ''extracted features'' (sensu Wang et al. 2006 ) of these time series (bold black line with solid SEs represent 124 fish with similar larval dispersal signatures that were assigned to cluster 1; bold gray lines with dashed SEs represent 158 fish with similar larval dispersal signatures that were assigned to cluster 2). A listing of extracted features that differed (P , 0.05) between the two clusters is given after each element symbol, as in Fig. 1 . Mean time series for each cluster were calculated after standardizing all samples to a common length scale and are given here to illustrate the characteristic microchemistry of each cluster.
bilities (Hanski 2002, Moilanen and Nieminen 2002) . In many natural systems, phenotypes of dispersers that are directly linked to fitness may change during dispersal. Examples include seeds of terrestrial plants that are dispersed and simultaneously modified (in some cases, improved in fitness) while passing through the guts of frugivorous animals that act as vectors for long-distance seed dispersal (reviewed in Samuels and Levey 2005) . For many organisms, dispersal may reduce physiological condition of individuals, as a consequence of additional energetic expenditure and/or limited feeding opportunities (e.g., Roff 1977, Elkin and . For such systems, patterns of dispersal may differ from patterns of realized demographic connectivity, because fitness (i.e., post-dispersal survival) of migrants may vary as a function of dispersal pathways and/or past histories.
In marine reef systems, dispersal is most typically undertaken by larvae whose phenotypic traits may be shaped by parental effects (Marshall et al. 2003 , Green and McCormick 2005 , Marshall et al. 2006 , McCormick 2006 , Gagliano and McCormick 2007 and/or dispersal pathways (Meekan et al. 2003 , Phillips, 2004 . If phenotypic traits that determine fitness are a function of source populations (e.g., because maternal provisioning or paternal care is spatially heterogeneous), then some source populations may contribute proportionally more successful dispersers to connectivity pathways (relative to numerical reproductive output alone). These producers of high-quality offspring may also function as more important sources (in a source/sink context) relative to other populations producing lower quality propagules. If, alternatively, features of the pelagic larval environment are important determinants of individual fitness, then certain dispersal pathways may be disproportionately favored over other pathways, relative to predictions based solely on migratory rates. Under either scenario, patterns of connectivity in marine metapopulations may be mediated by larval quality. The degree to which larval quality may be a function of source populations and/or larval dispersal history is largely unknown for marine reef species.
Our results suggest that a composite measure of larval quality for the common triplefin, Forsterygion lapillum, is best predicted by features associated with dispersal pathways and not natal populations. We used clustering approaches based upon microchemical signatures recorded within fish otoliths to identify two discrete source clusters and two discrete larval dispersal history clusters. Fish assigned to larval dispersal history cluster 1 had short pelagic larval durations, small size-at-hatch, fast early and late larval growth, and fast instantaneous growth rates. These otolith-based traits have been associated with higher fitness in other studies (Searcy and Sponaugle 2001 , Shima and Findlay 2002 , Wilson and Meekan 2002 , McCormick and Hoey 2004 , Raventos and Macpherson 2005 , Meekan et al. 2006 .
Under conditions of limited larval mixing, source and dispersal histories are likely to be interdependent (i.e., specific larval source clusters may be linked to particular dispersal histories). For F. lapillum, with a mean pelagic larval duration of 51.5 d, the comparatively short residence times for parcels of water within the Wellington Harbor (estimated at 10.7 d; Heath [1985] ) may have facilitated sufficient decoupling between source and dispersal history clusters (i.e., samples were distributed among source and dispersal clusters in a roughly orthogonal manner), which enabled us to evaluate our hypothesis with two-way ANOVA.
Without additional studies, we can only speculate on the geographic interpretations of source and larval dispersal history clusters that may be represented by microchemical signatures in this study. However, to provide a context for our discussion, we do so here with caution. The two identified source clusters differed in attributes of all 11 measured elemental ratios. Source cluster 2 was generally enriched in Mg, P, Mn, Zn, and Ba, which are elements that have been hypothesized to be linked with elevated otolith organic content (i.e., higher protein : mineral ratios) in other studies (Ruttenberg et al. 2005 , Lenaz et al. 2006 , Miller et al. 2006 . Consequently, we hypothesize that source cluster 2 may be indicative of natal sources (either spatially discrete uniform populations or individual mothers within heterogeneous populations) with greater maternal provisioning of eggs. Source cluster 2 was also depleted in Sr concentrations initially (possibly indicative of lower salinities; Campana 1999) but then increased to higher values by the end of the embryonic period (possibly indicative of warmer temperature; Martin et al. 2004 ). These observations, coupled with the numerical dominance of source cluster 2 in our sampling of F. lapillum recruits (i.e., F. lapillum also have larger population sizes inside Wellington Harbor relative to the adjacent open coast, McDermott 2005), suggest to us that source cluster 2 may represent fish spawned from nutrient-replete Harbor-based populations. By contrast, source cluster 1, with characteristically lower signals of maternal provisioning, may reflect fish spawned from populations located along the cooler and (comparatively) nutrient-depleted open coast.
Components of all 11 measured elemental ratios also differed between the two identified larval dispersal history clusters. Larval dispersal history cluster 1 was generally enriched in Li, Ba, and Pb and depleted in B, S, Cu, and Zn (generally consistent with larval development in coastal waters; e.g., Swearer et al. 1999 , Hamer et al. 2003 . Enriched Mg and depleted Sr in the latter half of the cluster 2 time series may reflect reduced otolith growth (for Mg) and/or water temperature (for Sr) as such effects have been observed in the larval stages of other marine fish (e.g., Martin et al. 2004, Martin and . Furthermore, the higher serial correlation, hurst, lyapunov, and trend values associated with cluster 2 indicate greater changes in elemental concentrations during the larval period, consistent with individuals migrating between coastal and open ocean environments. In contrast, the higher frequency and seasonality values in cluster 1 suggest that elemental concentrations exhibit strong and periodic fluctuations, consistent with the predicted stronger effects of tidal mixing of coastal and oceanic waters within Wellington Harbor. Overall patterns of elemental concentrations recorded for larval dispersal histories suggest to us that larval dispersal history cluster 1 may reflect fish that spent the majority of their larval life in Harbor waters, while fish assigned to larval dispersal history cluster 2 may have experienced predominately open ocean conditions during larval development.
If we are correct in our geographic interpretations of identified clusters, then we can further infer for our system that F. lapillum larvae that developed predominately within Wellington Harbor are of higher quality regardless of whether they were spawned from populations located in either Wellington Harbor or the Wellington South Coast. Consequently, dispersal history (i.e., local retention or early entrainment of larvae within harbor waters) largely dictates fitness of dispersers and may mediate patterns of connectivity (i.e., propagule exchange between these two regions). To the extent that retention of locally produced larvae may be more common than entrainment of larvae produced from outside the Wellington Harbor system, then populations of F. lapillum within the harbor may be largely self-recruiting (sensu Swearer et al. 2002) , and may also represent an important source of recruits for populations along the adjacent outer coast. However, patterns of connectivity between the open coast and harbor populations may depend upon patterns of larval transport relative to larval ontogeny. For example, if larvae from open coast populations are entrained within Wellington Harbor early in larval development, and ultimately settle within the harbor in good physiological condition (and are thus more likely to survive), then connectivity between these two regions may be relatively high. Alternatively, given an identical hydrographic regime, if the timing of reproduction is such that larvae from open coast populations are entrained late in larval development and ultimately settle within the harbor in relatively poor condition (and likely die), then connectivity between these two regions may be comparatively low. Similar scenarios can be envisioned that might influence the relative importance of Wellington Harborbased populations as sources (in a source/sink context) of recruits for populations along the Wellington South Coast. These interpretations are consistent with an extension of the ''match-mismatch hypothesis'' of Cushing (1975) , whereby large recruitment events are predicted to follow a good ''match'' between reproduction and seasonal food availability for developing larvae, and recruitment failures arise from mismatches in reproductive timing and food availability. Here, our data suggest that match-mismatch dynamics may be important in shaping demographic connectivity in marine metapopulations.
Our results complement recent findings of other studies, which highlight both the importance (Swearer et al. 1999 , Cowen et al. 2000 and complexity (Cowen et al. 2006 ) of patterns of dispersal and connectivity in marine metapopulations. Earlier conceptual models that marine larval pools are well mixed and composed of passive dispersers are no longer supported by the emerging evidence. Instead, a growing body of evidence suggests that connectivity in marine metapopulations may represent a composite of occasional longer distance dispersal and substantial natal retention (Jones et al. 1999 , Swearer et al. 1999 , Swearer et al. 2002 , Jones et al. 2005 , Almany et al. 2007 , with the latter facilitated by both physical (e.g., Gaines 2000, Sponaugle et al. 2002) and behavioral mechanisms . In our system we primarily focused upon dispersal and connectivity between two regions ( a harbor and an adjacent open coast), and we expect that source/sink frameworks (e.g., Crowder et al. 2000) may be a useful tool in which to quantify and further explore the importance of connectivity mediated by larval quality. Our observations that larvae developing within semienclosed embayments appear to be of higher quality are consistent with the findings of Gaines and Bertness (1992) and suggest that coastal geomorphology may be an important source of environmentally induced heterogeneity in larval quality for coastal reef organisms.
Models are increasingly employed to estimate patterns of dispersal and connectivity in marine metapopulations (e.g., Cowen et al. 2000 , Siegel et al. 2003 . Such models may be useful in fisheries management (e.g., to identify spatial arrangements of stock-recruitment relationships; e.g., Cowen et al. 2006 ) and conservation (e.g., to inform decisions about siting of marine reserves; e.g., Botsford et al. 2001) . Recent appreciation that larval behavior can substantially modify patterns of larval transport and thus connectivity (because larvae can readily migrate vertically between stratified flows and/or can swim against prevailing currents; reviewed in Montgomery et al. 2001 , Leis 2006 has resulted in calls for incorporation of ''larval behavior'' parameters into particle tracking models . Our results indicate heterogeneity in larval quality driven by features of pelagic environments (i.e., ''matrix effects'') may similarly modify predicted patterns of larval transport and connectivity, particularly if variation in larval quality has a direct impact on larval behavior (e.g., Sclafani et al. 1993) or swimming ability (e.g., Grorud-Colvert and . The role of matrix effects on patterns of connectivity is receiving increasing theoretical and empirical attention across many non-marine systems (e.g., Ricketts 2001 , Vandermeer and Caravajal 2001 , Haynes and Cronin 2004 , Murphy and Lovett-Doust 2004 , Revilla et al. 2004 . We suggest that matrix effects may play a particularly important role in marine metapopulations and should therefore be (1) a focus of future empirical research and (2) included as a central component of future models of marine larval dispersal and metapopulation connectivity.
